Aldehydes, alcohols and acids were tested for their ability to support acetylene reduction and oxygen consumption by Rhizobium japonicum bacteroids isolated from soybean nodules. Several alcohols and aldehydes increased acetylene reduction and oxygen uptake. This is consistent with the concept that the plant nodule cytosol can metabolize carbohydrate via anaerobic fermentative pathways.
(E.C. 4.1.1.3 1) and malate dehydrogenase (E.C. 1.1.1.37) (5, 6, 13, 15) reactions. Like previous researchers, he found that nodule cytosol had higher activities of both of these enzymes than did root cytoplasm. Nodule malate levels have been estimated at about 3.4 mm in peas (6) and 4.2 mm in soybeans (21) .
An alternative fermentative pathway from pyruvate is via acetaldehyde to alcohol. We have found that the nodule cytosol contains pyruvic decarboxylase (E.C. 4 .1.1.1) and its product acetaldehyde (S. Tajima and T. LaRue, unpublished data). The purpose of this study was to determine whether aldehydes and alcohols can be utilized by the isolated bacteroid.
Symbiotic nitrogen fixation requires carbon compounds for at least three functions. Their metabolism provides the ATP required by nitrogenase; they are the ultimate source of electrons for reduction; they provide carbon skeletons for the incorporation and transport of fixed NH3 to the shoot. How the plant and bacteroids share the metabolism of carbon compounds is hardly known.
Phloem analyses (14) indicate that sucrose is the major carbon source for nodules. There is a neutral invertase in the nodule cytosol but not in the bacteroid (12) . The soybean host cell cytosol contains sucrose and glucose, and cyclitols such as pinitol and inositol (20) . It is generally assumed that the Embden-Myerhof and tricarboxylic acid pathways are operative in the host cell, but this has never been firmly established. The isolated soybean bacteroid can use pyruvate, fumarate and succinate, but not sucrose, to support respiration and nitrogen fixation (2) . It (19) .
The outer layer of nodule tissue is a barrier to 02 diffusion (22) . Transport of 02 to support oxidative phosphorylation by bacteroids is mediated by leghemoglobin. Because that protein binds 02 firmly, the 02 in the plant cytosol is about 10 nm (1). The plant cytosol is thus microaerobic. De Vries (6) suggested that the nodule cytosol should therefore have a fermentative carbon metabolism similar to that observed in roots of "flood tolerant" plants. Oxaloacetate pended in assay buffer (1 ml/g nodules used) and frozen in 7-to 8-ml aliquots by dropping into liquid N2. Bacteroids stored at -80 C retained approximately 70%/o of their initial acetylene-reducing activity. Bacteroids prepared with hypotonic buffers in this fashion have been shown to be free of mitochondria (4, 8) .
Assays for Nitrogenase Activity. The method was similar to that described by Emerich et al., (8) . Assays were performed in 22-ml serum vials in a water bath-shaker at 23.5 C and 150 rpm. Reaction mixtures were prepared by flushing the vials with Ar followed by addition of 2.4 ml (Ar-flushed) assay buffer (see above), acetylene to make 0.1 atm, and 02. Substrate was usually added in a volume of 25 ,ll or less and the reactions were initiated with addition of 0.10 ml bacteroid suspension. Samples (0.5 ml) of the gas phase were taken at 20 
RESULTS AND DISCUSSION
A series of alcohols, aldehydes and acids have been tested for their effects on acetylene reduction, 02 optimum for acetylene reduction, and 02 uptake. Results are summarized in Table I .
Bacteroids have an endogenous metabolism which permits reduction of acetylene; the activity varies with 02 concentration.
Acetaldehyde, and to a lesser extent ethanol, supported an increased C2H2 reduction when supplied to bacteroids at low concentrations (Figs. 1-3) . The effect is similar to that of succinate (Fig. 5 ) and malate. Our results with succinate and malate are similar to observations reported by others (2, 8, 23) .
Acetaldehyde and ethanol also cause an upward shift in the level of 02 at which maximum acetylene reduction is observed though not as much as malate and succinate. This effect has been reported for several carbon compounds (8, 23) and for H2 (8). It is attributed to an apparent respiratory protection: compounds supporting oxidative phosphorylation reduce the intercellular concentration of 02 which would otherwise denature nitrogenase. Stimulation of soybean bacteroid 02 uptake by a wide range of carbon substrates, including ethanol, has been observed (17) .
Ethanol and acetaldehyde are interconverted by alcohol dehydrogenase (E.C. 1.1.1.71). Acetaldehyde may be converted to acetate which then can enter the tricarboxylic acid cycle via acetyl CoA synthetase (E.C. 6.2.1.1). Acetate also supports acetylene reduction (Fig. 4) . How acetaldehyde could be converted to acetate in bacteroids is unknown. In mammalian or microbial systems, the reaction may be catalyzed by aldehyde oxidase (E.C. zyl alcohol produced a slight increase and 2-butanol was without effect; presumably the bulky substitutions prevent enzyme action. The aldehydes glyoxylate, acetaldehyde, propionaldehyde, butyraldehyde, succinic semialdehyde and benzaldehyde all increased acetylene reduction above endogenous levels. Each of these increased 02 uptake and apparently provided at least some respiratory protection. Hypoxanthine was without effect, suggesting that acetaldehyde was not oxidized via xanthine oxidase or xanthine dehydrogenase. Alanine and lactate, possible anaerobic products of pyruvate, did not increase the level of acetylene reduction. At 2.0 mm, they gave a significant increase in apparent respiratory protection. Among the carboxylic acids, succinate and malate were most effective at supporting acetylene reduction and raising the optimum 02 for activity. Acetate, pyruvate, butyrate, fi-hydroxybutyrate and a-hydroxybutyrate were less effective while formate and benzoate were inactive. 02 uptake was measured for bacteroids prepared aerobically.
Their nitrogenase was therefore inactive. Measurements were made at 02 concentrations higher than exist in the nodule. The stimulations of 02 uptake (Table I ) correlated well with apparent respiratory protection, except in the case of0.001O0% benzaldehyde. Benzaldehyde, as well as propionaldehyde and butyraldehyde at this concentration gave a temporary increase in respiration rate. The brief period of effectiveness may have been due to their being used up in the experiment. Benzaldehyde at 0.0010%o stimulated 02 uptake as well as at the ten-fold higher concentration. Therefore, it may be that under the conditions of acetylene reduction assay, the benzaldehyde is metabolized before it can have a noticeable effect on the assay. The same situation may exist with propionaldehyde and butyraldehyde but their products might be further metabolized. Alternatively, affinities for these compounds may change when the 02 concentration is lowered. The presence of various terminal oxidases with greatly different 02 affinities has been established (2) . Nevertheless, it is clear that correlations of 02-uptake and apparent respiratory protection were good.
The effects of aldehydes added with tricarboxylic acid cycle precursors were examined. Acetaldehyde did not increase acetylene reduction over the values obtained with succinate (Fig. 5) ; and benzaldehyde did not increase values over those for acetate (Fig. 6 ). There was an increase in the 02 optimum. This suggests that electrons from the aldehydes and citric acid cycle precursors The data show that acetaldehyde and ethanol may be utilized by soybean bacteroids. The metabolism of acetaldehyde seems to be via enzymes of broad specificity, since other aldehydes behave similarly. Acetaldehyde and ethanol are more lipophilic than carboxylic acids, and their movement across the bacteroid membrane may require less energy than the transport of substrates such as succinate and malate. This is consistent with the relative lack of inhibition of acetylene reduction at low 02 concentrations with acetaldehyde and ethanol (Figs. 1-3 ). Succinate at 10 mm (Fig. 5 ) and lower concentrations gave a much greater inhibition than acetaldehyde and ethanol. At the suboptimal 02 concentrations, ATP is apparently limiting to nitrogenase activity. Therefore, energy required for transport or activation of carbon compounds might be reflected in this inhibition. The inhibitory effect was also noted for H2 and succinate by Emerich et al. (8) .
This is the first report of a wide range of compounds supporting acetylene reduction by bacteroids. It was already known that isolated bacteroids have a broad capacity to utilize various carbon substrates in oxidative metabolism (3, 16, 17, 19) . Assignment of a physiological significance to any compound requires demonstration of its presence, synthesis, and utilization. For compounds to be sources of carbon for bacteroids, synthesis must occur in plant cells. Malate is one such compound. It has been detected in nodules (6, 21) at mm concentrations. It can be synthesized fermentatively with plant cytoplasm enzymes (5, 6, 13, 15) and can support nitrogenase activity in bacteroids (Table I) 
